Abstract-Effects of acetylcholine (ACh)
Endothelial cells have an essential role in ACh-induced vasodilatation, which was first demonstrated by Furchgott and Zawadzki (1), and has since been shown to involve the release of an "endothelium-derived relaxing factor (EDRF)" from the endothelial cells (2-4). Recently, it was reported that ACh releases two relaxing substances from the endothelial cell, namely EDRF and endothe lium-derived hyperpolarizing factor (EDHF), through activation of M2 and M, receptors, respectively (5, 6). Moreover, vasodilatation induced by ACh was also classified into two components by actions of methylene blue, because methylene blue has been found to inhibit the EDRF but not the EDHF-induced vasodilatation (7).
Recently, Busse et al. (8) and Danthruluri et al. (9) have reported that ACh provokes a Ca-transient in endothelial cells prepared from calf or rabbit thoracic aorta. In a Ca-free bath solution, this response was markedly in hibited but not abolished, thus suggesting that both extracellular Ca and intracellularly stored Ca have a causal relationship to the ACh-induced Ca-transient. Busse et al. (8) also demonstrated that ACh produced hyperpolarization of the mem brane in endothelial cells and concluded that ACh activated a Ca-dependent K channel due to an increase in the intracellular Ca concen trations. In fact, Sauve et al. (10) reported that the presence of Ca-dependent K channels with a small single-channel conductance (40 pS) in endothelial cells from the bovine aorta. However, it is still uncertain whether or not the same Ca-dependent K channels are present in the endothelial cells obtained from different arteries and whether or not ACh produces a hyperpolarization due to activa tions of the Ca-dependent K channels, be cause no investigation has been performed concerning the ACh actions on the membrane currents obtained from the endothelial cells.
The present experiments were designed to clarify the electrical events elicited by ACh in endothelial cells isolated from the rabbit thoracic aorta using patch-clamp methods.
Materials and Methods Isolation of the endothelial cells: Rabbits of either sex (Nippon White, 1.8-2.2 kg) were anesthetized by sodium pentobarbitone (40 mg/kg, i.v.) and exsanguinated via the femoral artery. The thoracic aorta (6-8 cm in length)
was isolated, and the connective tissue and fat layer surrounding the aortic wall were carefully removed under a binocular microscope. Endothelial cells were dispersed by incubation of the tissue in nominal Ca free physiological salt solution (PSS) con taining 0.1% collagenase (Wako collagenase; Wako Pure Chem., Osaka). The cell sus pension was stored in an ice-cold PSS.
Recording of membrane currents: A drop of cell suspension was added to a small chamber (0.3 ml in volume) filled with nomi nal Ca-free PSS and placed on the stage of a differential interference inverted microscope (TMD-Diaphoto; Nikon Co., Tokyo). After the endothelial cells had settled to the bottom of the chamber, a patch electrode was touched onto the cell by means of a three dimensional oil driven micro-manipulator (MO-102; Narishige Sci. Inst. Lab., Tokyo). Establishment of the high-resistance seal and rupture of the patch membrane were achieved by application of an appropriate negative pressure. Single-channel measure ments were carried out in the cell-attached, and inside-out patch-clamp configurations, and membrane potential and outward current measurements were made in the whole-cell configuration (11) . All experiments were carried out at room temperature (25'C)
The results were stored on FM-tapes (A 45; Sony Magnescale, Inc., Tokyo) and monitored using a high-gain storage oscil loscope and a recticorder through a patch clamp amplifier (VC-10, RJG-4124 and CEZ-2200; Nihon Kohden Kogyo, Tokyo). The results were analyzed and displayed using a digital oscilloscope (4094B; Nicolet Instr. Corp., Madison, WI), and a hard copy was obtained from an X-Y recorder (HP-7440; Hewlett-Packerd Co., San Diego, CA). Solutions: The following solutions with the indicated ionic composition were used in the present experiments: (1) PSS containing 134 mM NaCI, 6 mM KCI, 2.5 mM CaC12 and 12 mM glucose; (ii) high-K solution contain ing 145 mM KCI, 5 mM MgC12, 5 mM Na2 ATP (adenosine trisphosphate) and 0.1 mM EGTA (ethylene bisglycol N,N,N',N'-tetra acetic acid); (iii) high-Ba solution contain ing 100 mM BaC12 and 12 mM glucose; (iv) high-Cs solution containing 145 mM CsCl , 5 mM MgC12, 5 mM Na2-ATP and 0.1 mM EGTA. The nominal Ca-free PSS was made by replacing the CaC12 with an equimolar con centration of MnC12. The pH of the solutions was adjusted to 7.25 with 10 mM HEPES (N-2 hydroxyethyl piperazine N' 2 ethane sulfonic acid) and Tris (trishydroxy-amino methane).
Drugs Therefore, to observe the action of ACh on the endothelial cell membrane, relatively high concentrations of ACh (10-6-10-5 M) were used throughout the experiments. Figure 1 shows the ACh induced hyperpolarization recorded using the current-clamp configuration and the outward current recorded using the whole cell voltage-clamp configuration. Application of ACh (10-5 M) in the bath hyperpolarized the membrane to a peak value of -64 mV. The hyperpolarization induced by ACh was not sustained during application of ACh, but the membrane potential slowly returned to the control value within 3 min. During this phase, fluctuations of the membrane potential were seen. When ACh was reapplied im mediately after cessation of the previous ap plication, no electrical response occurred. To produce a hyperpolarization of the same am plitude, a 5-7 min interval after cessation of the first application was required. Carbachol (10-5 M) also produced a hyperpolarization with the same characteristics as that ob served on application of ACh. Thus, the gradual decay of the ACh-induced hyper polarization is not due to breakdown of ACh by ACh-esterase. Atropine (10-6 M) markedly inhibited the ACh-induced hyperpolarization ( Fig. 1 Aa), and the same effect was observed on the carbachol-induced hyperpolarization. Increasing the K concentration in the bath (to 30 mM) reduced the amplitude of the ACh induced hyperpolarization to -25 mV.
When ACh (10-5 M) was applied in the bath, an outward current (with a peak am plitude of about 500 pA) was evoked at the holding potential of -40 mV, and this current also declined gradually in the presence of ACh and reached a steady level within 3 min. This response was also abolished by pretreatment with 10-6M atropine (Fig. lAb) . Application of 10-2 M 4AP blocked the generation of the ACh-induced outward current, but neither 10-2 M TEA ( Fig. 1 Bb and 1 C) nor 10-6 M apamin (a bee venom and inhibitor of a particular Ca-dependent K current) had an in hibitory effect (data not shown). Receptor subtypes of the cholinoceptor in endothelial cells prepared from the rabbit aorta: Figure 2 shows the effects of pirenze pine, an Ml-blocker, and AF-DX 116, an M2 blocker, on the hyperpolarization induced by ACh (10-6 M). This endothelial cell had a resting membrane potential of -20 mV; and on application of 10-6 M ACh, the membrane was hyperpolarized to -55 mV. Both AF-DX 116(3X10-6 M) and pirenzepine(3X10-7M) reduced the amplitude of the ACh-induced hyperpolarization (to -48 mV). On the other hand, simultaneous application of the same concentrations of pirenzepine and AF-DX 116 markedly inhibited the amplitude (to -28 mV). Removal of both blockers then restored the amplitude of the ACh-induced hyper polarization (to -53 mV).
Similar experiments were performed on the ACh-induced outward current using the voltage-clamp mode. The outward current induced by 10-5 M ACh was completely blocked by pretreatment with 10-6 M atropine (Fig. 1) , but unaffected by application of 10-5 M d-tubocurarine (data not shown). Ap plication of pirenzepine (3x10-1 M) or AF DX 116 (3x10-6 M) reduced the amplitude of the ACh-induced outward current to 66± 8% (n=3) and 78±18% (n=3) of the control, respectively. However, simultaneous applica tion of the two drugs markedly reduced the peak amplitude (to 19+15% of control, n=4; Fig. 2B and C) . These results indicate that both M, and M2 subtypes are present on the membrane of endothelial cells, and that both subtypes contribute to the generation of the ACh-induced hyperpolarization and outward current. Reversal potential of the ACh-induced outward current: Figure 3 shows the relation ship between the amplitude of the ACh induced outward current and the holding potential (with high-K solution in the elec trode and PSS in the bath). Lowering the holding potential of the membrane from -20 mV to -70 mV reduced the peak amplitude of the ACh-induced outward current, in a hold ing-potential-dependent manner. The esti mated reversal potential for the ACh-induced outward current was about -78.3±3.0 mV (n=3), which was close to the K equilibrium potential in the prevailing ionic conditions (i.e., -81 mV).
To investigate whether or not endothelial cells possess the voltage-dependent Ca chan nel, depolarizing pulses were applied to the endothelial cell after replacement of PSS and high-K solution with high-Ba and high-Cs solutions, respectively.
In these ionic con ditions, depolarization of the membrane (up to +40 mV from the holding potential of -60 mV) did not evoke any detectable voltage dependent inward Ba current, and ACh did not produce any outward current at the holding potential of -40 mV. Fig. 4 . A linear I-V relationship was obtained and a calculated single-channel conductance of 9 pS was obtained when the membrane potential was varied between -20 mV and +40 mV (Fig. 4A) . A rough estima tion of the reversal potential of this ACh induced single-channel current from the I-V relationship gave a value of -80 mV. Figure  3B shows the ACh-induced single-channel current recorded at three different membrane potential levels. When atropine (3X10-6 M) was given as a pretreatment in the bath, no single-channel current could be recorded on application of ACh (10-5 M).
In the inside-out membrane patch con figuration following the cell-attached patch experiments, the ACh-induced single-channel current ceased. Increasing the Ca concen tration in the bath (intracellular side of the membrane) produced an opening of the 9 pS channel, as did application of ACh in the cell attached configuration. Removal of Ca from the bath abolished the generation of the 9 pS channel opening (Fig. 5) .
Effects of extracellular calcium on the ACh induced membrane current: After 5 min in Ca free PSS solution, the first application of ACh (10-5 M) slightly reduced the amplitude and shortened the duration of the ACh-induced outward current (Fig. 6A, a and b) . How ever, the second application of ACh pro duced only a small amplitude outward current (Fig. 6Ac) . Superfusion with PSS (for 7 min) largely restored the amplitude of the response (Fig. 6Ad) . However, nicardipine (<10-5 M) had no inhibitory action on the ACh-induced outward current observed in PSS (data not shown). Figure 6B illustrates the effects of caffeine on the ACh-induced outward current: 5 min after application of caffeine, the ACh induced outward current in Ca-free solution was markedly inhibited. Removal of caffeine with the addition of Ca (2.5 mM) for 5 min restored the ACh response.
To further investigate the Ca-dependency of the ACh-induced outward current, the effects of ryanodine and heparin in Ca-free solution were observed. Figure 7A shows the effects of ryanodine (10-5 M) on the am plitude of the ACh-induced outward current recorded in Ca-free solution. Ryanodine (10-5 M) reduced the amplitude of the ACh induced outward current slowly, so that even 35 min after its application, the outward current was not completely inhibited. Similar results were obtained when the same concen tration of ryanodine was applied in the elec trode. On the other hand, heparin (>10-5 g/ml) added in the electrode markedly in hibited the ACh-induced outward current recorded in Ca-free solution (Fig. 7B) . Figure 8 shows the relationship between the am plitude of the outward current induced by 10-6M ACh and the concentration of methy lene blue. Some inhibition of the amplitude of the ACh-induced outward current was ob served on application of methylene blue in all concentrations above 10-7 M, and 10-5 M completely blocked the outward current. This inhibitory action of methylene blue ceased immediately after its removal. Methylene blue (10-5 M) had no action on membrane cur rents evoked by depolarizing pulses (up to +50 mV from the holding potential of -60 mV, data not shown). Because the reversal potential of the ACh-induced outward current was close to the K equilibrium potential (-78 mV vs. -81 mV) and because no outward current was evoked when the electrode was filled with K-free solution, the ACh-induced outward current is produced by activation of the K channel. In Ca-free solution, the amplitude of the ACh-induced outward current was re duced and its duration was shortened. Both Ca influx through the membrane and Ca release from the store site are important for the generation of the ACh-induced outward current. As no inward current was evoked by a membrane depolarization and, moreover, nicardipine (a Ca antagonist)
did not have any action on the ACh-induced outward current, Ca may enter the cell through the ACh-receptor operated nonselective cation (Ca-permeable)-channel (13) . However, no direct evidence for this hypothesis was ob tained in the present experiments. Therefore, Ca, release from the store sites may be a main mechanism for generation of the ACh induced outward current in this cell. The cell was exposed to PSS for 5-7 min, then to Ca-free solution for 2 min before adminis tration of ACh. In the graph, the peak amplitude of the ACh-induced outward current has been plotted. The two symbols indicate different cells. (B), ACh (10-5 M) was superfused in the bath, and heparin (10-7-10-4 g/ml) was added in the pipette. The cell was exposed to PSS for several min, and then exposed to Ca-free solution. ACh was applied at 5 min after superfusion of Ca-free solution.
The peak amplitude of the ACh-induced outward current was plotted. Each data was obtained from the different cells.
The possibility that the ACh receptor is directly coupled with the Ca-dependent K channel can be ruled out, because heparin (>10-5 g/ml), an inhibitor of the inositol 1,4,5-trisphosphate (IP3)-induced Ca release mechanism (14, 15) , completely blocked the outward current. Ryanodine is reported to deplete stored Ca by opening the ryanodine-sensitive Ca release channel of ER (16) . The present experiments showed that a part of the Ca release was sensitive to both caffeine and ryanodine, but the rest of the Ca release was sensitive to only heparin. These results indicate that two types of Ca release mechanism, namely the I P3 and ryanodine-sensitive Ca release mech anisms, may be present in the endothelial cell and that some of the endoplasmic reticulum membrane in the endothelial cell possess the IP3-sensitive Ca release channel, as observed previously in vascular smooth muscle cells (17) . In smooth muscle cells, it has been re ported that ACh enhanced the synthesis of I P3, which was thought to open a particular Ca-releasing channel (17-21). Acetylcholine-receptor subtypes on the membrane of the rabbit aortic endothelial cell: As shown in Fig. 2, application of either pirenzepine or AF-DX 116, the selective M1 and M2 blockers (22) , did not completely in hibit the ACh-induced hyperpolarization or outward current, but simultaneous application of both blockers markedly inhibited and atro pine, a nonselective muscarinic receptor blocker, completely inhibited the outward current. These results indicate that both the M, and M2 subtypes participate in the in crease in [Ca] ,, and make important con tributions to the activation of the ACh induced outward current. Komori and Suzuki (5, 6) proposed the idea that activation of the Mt and M2 receptors leads to release of dif ferent substances such as EDHF and EDRF, respectively. Although there was no detect able difference in the ACh-induced hyper polarization or outward current in the pre sence of the Mt blocker or the M2 blocker, these results may indicate that an increase in the [Ca] , is an essential factor for release of the endothelium-derived substances. Actions of methylene blue on the endo thelial cells of the rabbit aorta: Methylene blue blocks the vasodilating action that occurs in association with an increase in the concen tration of cyclic GMP on activation of cytosolic guanylate cyclase by EDRF or nitro compounds such as nitroglycerin (4, 23, 24) . On the other hand, Martin et al. (25) reported that methylene blue inhibits both the syn thesis of prostacyclin and the production of cyclic GMP in cultured endothelial cells, but they concluded that these inhibitions prob ably occur independently, because 8-bromo cyclic GMP did not reverse the methylene blue-induced inhibition of prostacyclin pro duction. In the present experiments, methy lene blue inhibited the ACh-induced outward current in the same concentration range as it induced the inhibition of cyclic GMP syn thesis. This inhibitory effect of methylene blue on the ACh-induced outward current was probably not caused by inhibition of soluble guanylate cyclase or other enzymes, because methylene blue in the electrode did not inhibit the generation of the ACh-induced outward current. Methylene blue may act on some site on the outside of the membrane which is closely related to the ACh receptor. Methylene blue did not inhibit the membrane current evoked by depolarizing or hyper polarizing pulses; therefore, methylene blue does not block the K channels in endothelial cells. However, it is uncertain whether or not methylene blue interferes with the ACh induced responses in the endothelial cells at the receptor site. As methylene blue inhibits bradykinin-stimulated prostacyclin synthesis (25) , it may inhibit receptor activation in a nonselective manner.
The findings in the present experiments on the ACh-induced electrical events recorded from endothelial cells of the rabbit thoracic aorta may be summarized as follows: 1) ACh activates the Ca-dependent K current, via release of Ca from the store sites. 2) This Ca dependent K current is sensitive to 4AP but insensitive to TEA and apamin.
3) The value of the ACh-induced single-channel current conductance is 9 pS, and the channel opens in a voltage-independent manner. 4) Both the Mi and M2 subtypes of the muscarinic receptor are present in the endothelial cell, and finally, 5) methylene blue inhibits mem brane responses induced by ACh.
